OBJECTIVE -There are indications that the IGF system is related to both type 2 diabetes and cardiovascular disease (CVD). We tested the hypothesis that low IGF-I and high IGFbinding protein (IGFBP)-1 predict future cardiovascular mortality and morbidity in patients with acute myocardial infarction (AMI) and type 2 diabetes.
P
atients with type 2 diabetes have an increased risk for cardiovascular disease (CVD) (1). The prognosis after an acute myocardial infarction (AMI) does, indeed, already deteriorate at glucose levels in the upper normal range (2,3). The importance is underlined by the high prevalence of AMI patients with previously undetected glucose abnormalities (4 -6). The increased cardiovascular risk cannot be completely explained by traditional risk factors, and mechanisms amplifying their impact are not fully understood (7) . Thus, the search for novel risk factors linking type 2 diabetes and CVD is important (8) .
The IGF-I system has been related to poor glucose control, and low levels of IGF-I have been related to future type 2 diabetes (9) . In addition, the IGF-I system and especially low IGF-I, low IGF binding protein (IGFBP)-1, and high IGFBP-3 relate to increased cardiovascular risk (10, 11) . Thus, it is of interest to explore the IGF-I system as a potential novel risk factor and as a possible link between type 2 diabetes and subsequent cardiovascular complications (12) . The hepatic production of IGFBP-1 is downregulated by insulin (13) . Accordingly, in the general population, there is a correlation between low levels of IGFBP-1 and hyperinsulinemia, and these findings may link to an increased cardiovascular risk (14, 15) . However, IGFBP-1 concentrations rise during the development of type 2 diabetes, despite persisting hyperinsulinemia, indicating increased hepatic insulin resistance during disease progression (16, 17) . These observations were supported by van den Berghe et al. (18) , who demonstrated that patients admitted to the intensive care unit with elevated levels of IGFBP-1 presented a poor prognosis regarding mortality, a finding that related to acute hepatic insulin resistance. Furthermore, there is a correlation between high levels of IGFBP-1 and cardiovascular mortality in elderly men (19) , which is a finding that is in accordance with trends observed in a recently published study on AMI patients without previously known type 2 diabetes (20) .
This study tests the hypothesis that low levels of IGF-I and high levels of IGFBP-1 predict future cardiovascular mortality and morbidity in patients with AMI and type 2 diabetes.
RESEARCH DESIGN AND METHODS -The Diabetes Mellitus
Insulin-Glucose Infusion in Acute Myocardial Infarction (DIGAMI) 2, a prospective randomized trial, compared three different management strategies in patients with type 2 diabetes and suspect AMI. An extensive description of the study design has been presented elsewhere (21) . In brief, 1,253 patients were randomized to one of three study arms
and received 1) a 24-h insulin-glucose infusion followed by subcutaneous insulinbased long-term glucose control (group 1, n ϭ 474), 2) the same initial treatment followed by a glucose-lowering treatment according to local practice (group 2, n ϭ 473), or 3) a glucose-lowering treatment according to local practice (group 3, n ϭ 306). The objective was to compare total mortality and morbidity between these management strategies. There was no significant difference in the primary (total mortality) or secondary (mortality, nonfatal myocardioal infarction, or stroke) end point. Increasing mean plasma glucose during follow-up was, however, an independent predictor of fatal outcome but could not explain all morbidity (21) .
A total of 575 of the DIGAMI 2 patients participated in a biochemistry program, with repeated blood sampling at admission before initiation of the glucoseinsulin infusion and fasting at discharge and after 3 and 12 months. Blood glucose and A1C were collected at admission (blood glucose also after 24 h), after 3 and 6 months, and thereafter every 6 months during the follow-up. The median study duration was 2.1 years (quartile 1, 1.0; quartile 3, 3.0), and no patient was lost to follow-up.
Laboratory analyses
Blood glucose was analyzed locally as whole blood glucose in millimoles per liter, whereas A1C was analyzed in a core laboratory (Department of Laboratory Medicine, Malmö Hospital, Malmö , Sweden) by high-performance liquid chromatography on capillary blood applied on filter paper with an upper normal limit of 5.3% (Boehringer Mannheim Scandinavian, Bromma, Sweden). Concentrations of total serum IGF-I were determined by radioimmunoassay (RIA) in micrograms per liter after separation of IGFs from IGFBPs by acid ethanol extraction and cryoprecipitation. To minimize interference of remaining IGFBPs, des(1-3) IGF-I was used as radioligand (22) . IGFBP-1 concentrations in serum were determined by RIA according to the method of Pó vo et al. (23) . The sensitivity of the RIA was 3 g/l, and the cardiovascular intra-and interassays were 3 and 10%, respectively.
Events during follow-up
In this analysis, cardiovascular mortality and a composite of cardiovascular events (cardiovascular death, reinfarction, or stroke) served as primary and secondary end points, respectively. An independent adjudication committee composed of experienced cardiologists adjudicated the events. They were provided with death certificates, autopsy reports, hospital and laboratory records, and electrocardiograms but did not have any information on group belongings.
Statistical analyses and calculations
BMI was calculated as the weight in kilograms divided by the square of the height in meters. Updated mean blood glucose was calculated as a simple mean value of all samples available (a maximum of nine occasions: at admission, at 24 h, and at 3, 6, 12, 18, 24, 30, and 36 months) during the complete period of follow-up until an event occurred. As IGF-I decreases with age, a standardized IGF-I score was also calculated, as previously described (24) . Continuous variables are presented as median (quartile 1 and quartile 3) and categorical variables as percentages. Differences between groups were compared by the Jonckheere-Terpstra's test or the 2 test. Multiple Cox proportional hazard regression was applied to investigate relations between candidate predictors from Table 2 with a P value Ͻ0.2 and the end point. All possible combinations of predictors were fitted into a best-subset analysis, and the models were compared using the Akaike information criterion. To limit the influence of extreme values, all continuous variables were log transformed before analysis. A two-sided P IGFBP-1, AMI, and cardiovascular risk value Ͻ0.05 was regarded as statistically significant. No adjustments for multiple testing have been performed. All analyses were done using SAS (version 9.1.3; SAS Institute) and Statistica 7.0 (StatSoft). The study conformed to good clinical practice guidelines and followed the recommendations of the Declaration of Helsinki. Written informed consent was obtained from all patients before enrollment.
RESULTS

Baseline characteristics
As outlined in Table 1 , the present study population from DIGAMI 2 (n ϭ 575) was similar to the group where biochemistry was not available (n ϭ 678), apart from slightly lower blood glucose and lower creatinine at admission. In brief, 67% of the patients were men, the median age was 69.6 years (quartile 1, 60.3; quartile 3, 76.7), 24% were smokers, and the median BMI was 27.6 kg/m 2 (quartile 1, 25.1; quartile 3, 30.7). Thirty-three percent of patients had a history of previous AMI, and the median duration of the type 2 diabetes was 5.7 years (quartile 1, 1.1; quartile 3, 12.8).
Baseline characteristics of IGFBP-1 tertiles Pertinent clinical and biochemical characteristics of the patients divided into tertiles of IGFBP-1 at admission are presented in Table 2 . The number of patients in the different tertiles was equally distributed regarding randomized treatment groups. Patients in the highest tertile were older, more frequently female, had a lower BMI, and had lower blood pressure. In addition, they presented higher admission levels of blood glucose and creatinine but lower levels of triglycerides and IGF-I compared with those in the lowest tertiles. Furthermore, the patients in the highest IGFBP-1 tertile were less often treated with metformin before the study.
Prediction models for cardiovascular mortality and morbidity During the follow-up period, 131 (23%) patients died from all-cause mortality; of these, 102 (78%) patients died from CVD. A total of 175 (30%) patients suffered from at least one cardiovascular event during the follow-up. There were no significant differences in cardiovascular death or the occurrence of cardiovascular events among the three randomized treatment groups.
Univariate survival analysis of the IGF-I system showed that the ln of IGF-I at admission, discharge (days 4 -5), 3 months, or 12 months was not related to cardiovascular death (HR adm 0.8, P ϭ 0.206; HR dis 0.9, P ϭ 0.670; HR 3M 0.9, P ϭ 0.824; and HR 12M 1.0, P ϭ 0.982), whereas levels of ln IGFBP-1 at admission, discharge, and 3 or 12 months were related to cardiovascular death (HR adm 1.9, P Ͻ 0.001; HR dis 1.8, P ϭ 0.002; HR 3M 1.5, P ϭ 0.059; and HR 12M 2.8, P ϭ 0.004). Analyses of the secondary end point showed that ln IGF-I at admission and 3 months was significantly related to future cardiovascular events but the discharge and 12-month levels were not (HR adm 0.7, P ϭ 0.026; HR dis 0.8, P ϭ 0.190; HR 3M 0.5, P ϭ 0.012; and HR 12M 0.8, P ϭ 0.740). Ln IGFBP-1 was significantly related to cardiovascular events at all occasions (HR adm 1.5, P Ͻ0.001; HR dis 1.5, P ϭ 0.002; HR 3M 1.5, P ϭ 0.012; and HR 12M 1.7, P ϭ 0.035).
In the best subset analysis of predictors at admission (Table 3) , ln IGFBP-1 at admission remained significantly related to cardiovascular death (HR 1.5, P Ͻ 0.001) and to cardiovascular event (HR 1.2, P ϭ 0.028). Age and ln creatinine at admission also remained significant. The predictive power of the models increased when updated mean blood glucose was entered into the models as an explanatory variable, and ln updated mean blood glucose was correlated to both cardiovascular death and cardiovascular event (HR 12.2, P Ͻ 0.001 and HR 10.2, P Ͻ0.001). Candidate predictors with P values Ͻ0.2 not included in the final models were admission blood glucose, IGF-I, BMI, sex, smoking status, and previous coronary disease history.
Survival curves for tertiles of IGFBP-1 adjusted for updated mean blood glucose, age, and creatinine are presented in Fig.  1A and B.
CONCLUSIONS -The main finding from the present study is that high levels of IGFBP-1 at admission, discharge, and after 3 and 12 months are all related to subsequent cardiovascular morbidity and mortality in patients with AMI and All HRs for biochemistry refer to the ln of the variable. Candidate predictor with P values Ͻ0.2 that were eliminated in the best subset analyses were admission blood glucose, A1C, IGF-I, serum cholesterol, serum triglycerides, BMI, sex, blood pressure, smoking status, and previous coronary disease history. type 2 diabetes. Many fatal and other events occurred relatively soon after hospital discharge, with some already during hospitalization. From a clinical point of view, this makes IGFBP-1 at admission an interesting prognostic predictor, which also remained after multiple adjustment. IGFBP-1 has been described as the most likely acute regulator of IGF-I actions (25) , and the hepatic production of IGFBP-1 is upregulated in response to proinflammatory cytokines (26) and physiological stresses (27) and is downregulated by insulin (13) . There are several potential links between high levels of IGFBP-1 and increased cardiovascular risk. One is that the high affinity binding of IGFBP-1 to IGF-I, which prevents the activation of receptor signaling, may attenuate known beneficial effects of IGF-I, such as enhanced glucose uptake, improved insulin sensitivity, and decreased hepatic glucose production (28) . Other mechanisms of IGF-I that could be disrupted by the inhibition of IGFBP-1 are the stabilization of atherosclerotic plaques (29) and beneficial effects on arterial blood flow and endothelial function (30) . However, IGF-I was not significantly related to the outcome after multiv a r i a t e a n a l y s i s . T h e u n i v a r i a t e relationships between IGF-I and cardiovascular events at admission and 3 months could possibly indicate a correlation to age or the glucometabolic state because age and the updated mean value of blood glucose were, by far, the strongest predictors in the multiple analyses.
Although several reports from cohort studies have presented relationships between low IGF-I and CVD, it is only the Danish Monitoring Trends in Cardiovascular Diseases (DAN-MONICA) Study, based on a nationwide population registry in Denmark, that reported a significant relation between coronary heart disease events and IGF-I measured before the event. It was, however, only the combination of a low IGF-I and a high IGFBP-3 that predicted future events (11) . We recently investigated patients with AMI with newly detected abnormal glucose tolerance. They had low levels of IGF-I and high levels of IGFBP-3. This combination did not, however, relate to a worse prognosis (20) . In addition, although most studies measured total IGF-I and demonstrated relationships to type 2 diabetes (9) and to CVD (11) , some studies indicated that the free fraction of IGF-I was the most valuable measure, which also related to an increased cardiovascular risk (31) . Free IGF-I was not measured in the present study due to the lack of a reliable commercial method. However, there is a strong inverse correlation between free IGF-I and IGFBP-1 (32). Low levels of free IGF-I would therefore be expected in patients with high levels of IGFBP-1.
IGFBP-1 is a marker for hepatic insulin resistance (33) . This can be explained by the fact that when hepatic insulin resistance increases, the hepatic suppression of IGFBP-1 decreases, which causes an increase in IGFBP-1 concentrations. Critically ill patients with elevated levels of IGFBP-1 are unresponsive to administered insulin and have a worse long-term prognosis than patients with low levels of IGFBP-1 (34) . Furthermore, patients with severe hepatic cirrhosis have demonstrated high fasting levels of IGFBP-1 that are accompanied by elevated insulin levels. Interestingly, these patients had a less pronounced insulin-mediated suppression of IGFBP-1 during an oral glucose tolerance test (35) . A similar pattern has been described in patients with AMI and abnormal glucose tolerance among whom the suppression of IGFBP-1 was significantly decreased during an oral glucose tolerance test, a finding that has been interpreted as increased hepatic insulin resistance (20) .
Patients with high levels of IGFBP-1 were less well glucometabolically controlled, as indicated by their higher admission blood glucose and lower levels of IGF-I. In addition, these patients had lower BMI, blood pressure, and triglycerides-correlations already reported on but interpreted as an inverse correlation between IGFBP-1 and cardiovascular risk factors (15).
An adaptation correlation to physiological stress is probably part of the explanation for the present findings. After a 30-min infusion of epinephrine in healthy men, levels of IGFBP-1 increased but returned to basal ϳ2 h later (36) . It is unlikely that the present results may be completely explained by acute stress during the early phase of an AMI since morbidity and mortality continued to relate to the levels of IGFBP-1 during follow-up.
The link between IGFBP-1 and proinflammatory cytokines has recently been demonstrated (26) , and because both type 2 diabetes and CVD are conditions with increased inflammatory activity, this correlation must be considered inevitable. We have not analyzed inflammation factors; therefore, we could not adjust for this in the analyses. However, in a recently published (20) study from our group, IGFBP-1 in the acute phase of an AMI did not correlate to C-reactive protein, and as mentioned previously, the risk continues to be higher during followup; thus, the acute inflammatory response from the AMI cannot explain the present findings.
Elevated levels of IGFBP-1 may theoretically be a result of chronic insulin deficiency. However, it is likely to assume that patients suffer from various stages of insulin resistance, and one-third of the patients were treated with insulin before the study. Thus, any correlations between insulin levels and IGFBP-1 in the present population would be very difficult to interpret.
In conclusion, this study shows that high levels of IGFBP-1 in AMI patients with type 2 diabetes are related to substantially increased cardiovascular mortality and morbidity. We suggest that this may be due to hepatic insulin resistance and poor metabolic control, and IGFBP-1 could be a novel marker for discovering high-risk patients in this particular group.
